Background-T2-Weighted MRI reveals myocardial edema and enables estimation of the ischemic area at risk and myocardial salvage in patients with acute myocardial infarction (MI). We compared the diagnostic accuracy of a new bright-blood T2-weighted with a standard black blood T2-weighted MRI in patients with acute MI. Methods and Results-A breath-hold, bright-blood T2-weighted, Acquisition for Cardiac Unified T2 Edema pulse sequence with normalization for coil sensitivity and a breath-hold T2 dark-blood short tau inversion recovery sequence were used to depict the area at risk in 54 consecutive acute MI patients. Infarct size was measured on gadolinium late contrast enhancement images. Compared with dark-blood T2-weighted MRI, consensus agreements between independent observers for identification of myocardial edema were higher with bright-blood T2-weighted MRI when evaluated per patient (PϽ0.001) and per segment of left ventricle (PϽ0.001). Compared with bright-blood T2-weighted MRI, dark-blood T2-weighted MRI underestimated the area at risk compared with infarct size (PϽ0.001). The 95% limits of agreement for interobserver agreements for the ischemic area at risk and myocardial salvage were wider with dark-blood T2-weighted MRI than with bright-blood T2-weighted MRI. Bright blood enabled more accurate identification of the culprit coronary artery with correct identification in 94% of cases compared with 61% for dark blood (PϽ0.001). Conclusions-Bright-blood T2-weighted MRI has higher diagnostic accuracy than dark-blood T2-weighted MRI.
Aletras et al 18 developed another bright-blood T2-weighted method, ACUT2E (Acquisition for Cardiac Unified T2 Edema), which is a hybrid of turbo spin-echo (TSE) and SSFP. The TSE-SSFP method has higher signal-to-noise (SNR) and contrast-to-noise (CNR) ratio than T2-prepared SSFP.
We studied the diagnostic accuracy of bright-blood T2weighted MRI and dark-blood T2-weighted MRI method in acute MI by analyzing paired axial left ventricular slices. Our approach differed to that of Kellman et al, 17 who used a delayed inversion recovery fast spin-echo method. We used the TSE-SSFP method because of its high SNR and CNR and compared this method with a standard dark-blood short tau inversion recovery (STIR) T2-weighted MRI method in 54 patients with acute MI.
Methods

Patient Population and Acute MI Management
Fifty-four consecutive patients who underwent invasive treatment for acute MI at a regional cardiac center and who also had T2-weighted MRI were analyzed. No patients were excluded because of poor image quality. Exclusion criteria represented standard contraindications to contrast MRI, including an estimated glomerular filtration rate Ͻ30 mL/min/1.73 m 2 . Our MRI research in acute MI has been approved by the West of Scotland Research Ethics Committee.
The inclusion criteria included a diagnosis of acute MI based on a history of symptoms consistent with acute myocardial ischemia with supporting changes on the ECG, with or without regional STsegment elevation, associated with a typical rise in troponin I concentration. 19 The culprit coronary artery was identified by coronary angiography.
Acute MI management followed contemporary guidelines. 19 Aspiration thrombectomy, direct stenting, antithrombotic drugs, and other therapies were administered according to clinical judgment.
MRI Acquisition and Analyses
MRI was performed on a Siemens MAGNETOM Avanto (Erlangen, Germany) 1.5-T scanner with an 8-element phased-array cardiac surface coil. The MRI protocol included SSFP cine MRI, T2weighted MRI with bright-blood ACUT2E TSE-SSFP, 18 and darkblood STIR 8 -12 and delayed enhancement phase-sensitive inversion recovery sequences. 20 Axial left ventricular views were sequentially acquired with dark-blood and bright-blood T2-weighted MRI matched to the same slice position usually at the midpapillary level. Sample images are shown in Figure 1 .
The breath-hold bright-blood TSE-SSFP (ACUT2E) incorporates elements of the SSFP 17 and TSE methods. 8, 17 This hybrid method, which does not involve a T2 preparation, has an SSFP readout gated during diastole and with a flip angle ␣ of 180°. There is a 90°p reparation followed by 180°refocusing pulses, which is similar to TSE; however, this method is different from TSE because it involves gradient moment nulling rather than gradient crushing. TSE-SSFP creates a coherent train of T2-weighted spin-echos. 18 The breath-hold black-blood T2 triple-inversion recovery pulse sequence (STIR, 8 to 12) involves a pair of slice-selective and nonselective 180°inversion pulses to null the blood pool signal followed by a third inversion pulse to null the fat signal. We used an 8-element phased-array surface coil. Surface coil intensity correction was routinely performed with prescan normalization and slicerelated shimming as appropriate to optimize dark-blood STIR acquisition. Postprocessing surface coil intensity correction was not performed. Typical imaging parameters were acquisition time, 8 to 13 seconds; matrix, 166ϫ256; flip angle, 180°; effective echo time (TE), 61 ms; bandwidth, 235 Hz/pixel; turbo factor, 15; and trigger pulse, 2. The time interval between the 180°inversion pulses for STIR was 6.74 ms. The voxel size was 2.2ϫ1.4ϫ8 mm 3 .
Microvascular obstruction (MVO) was defined as a dark zone on early delayed enhancement imaging 1, 3, 5, and 7 minutes after contrast injection and within an area of late gadolinium enhancement. MI was imaged using segmented phase-sensitive inversion recovery turbo fast low-angle shot, 20 starting around 7 minutes after intravenous injection of 0.10 mmol/kg of gadoterate meglumine (Gd 2ϩ -DOTA, Dotarem, Guebert SA). Typical imaging parameters were matrix, 192ϫ256; flip angle, 25°; TE, 3.36 ms; bandwidth, 130 Hz/pixel; echo spacing, 8.7 ms; and trigger pulse, 2. The voxel size was 1.8ϫ1.3ϫ8 mm 3 .
MRI Analyses
The images were analyzed on a Siemens workstation by MRI trained cardiologists with at least 5 years of experience. In addition, all 3 cardiologists had completed at least 2 years of full-time MRI research in patients with acute MI, including protocols with T2weighted MRI. A fourth cardiologist independently coordinated the images and data for the blinded analysis.
Two cardiologists who did not take part in the blinded scoring for the presence or absence of edema performed quantitative assessments of infarct area and area at risk as determined by both T2-weighted methods. Left ventricular dimensions and volumes and ejection fraction were quantified using computer-assisted planimetry.
Myocardial Edema and Standardized Measurements of T2-Weighted Area at Risk
One bright-blood and 1 dark-blood T2-weighted MRI image acquired at the same slice position within the infarct zone were evaluated by each cardiologist.
Hyperintense zones on T2-weighted MRI images were reviewed independently by 3 MRI-trained cardiologists who were blinded to the patients' history and outcomes. Each observer scored for the presence or absence of edema and for the position and number of affected regions of the left ventricular slice for each patient. Segments were defined according to the 17-segment model of the American Heart Association. 21 Disagreement was resolved by consensus.
Quantitative assessments were performed by 2 independent observers, and their results were averaged. The jeopardized left ventricular area at risk on each axial image was defined as the percentage of left ventricular area delineated by the hyperintense zone on T2-weighted images. 4 The window setting was defined as the sum of the mean myocardial signal intensity (SI) of the unaffected area plus 2 standard deviations (SD) for this area. The level setting was set at the mean SI of the unaffected area. This standardized approach was based on a recent clinical validation study. 4 Myocardial tissue with a signal intensity with at least 2 SD above the mean signal obtained in the remote noninfarcted myocardium was considered the area at risk. 4 Care was taken to exclude nonsuppressed blood pool signal because of slow flow adjacent to the subendocardium. 3
Infarct Definition and Size
The presence of acute infarction was established with MRI, based on abnormalities in cine wall motion, rest first-pass myocardial perfusion, and delayed-enhancement imaging. In addition, supporting changes on the ECG and coronary angiogram were also required.
Acute infarction was considered present only if myocardial enhancement was confirmed on both the axial and long axis acquisitions. The myocardial mass of myocardial enhancement (grams) was quantified by a semiautomatic detection method using an SI threshold of Ͼ2 SD above a remote reference region and expressed as a percentage of total left ventricular mass. 22, 23 MVO regions were included within the infarct area.
Myocardial Salvage
Myocardial salvage, as estimated by MRI, was calculated by subtraction of percent infarct size from percent area at risk. 3, 4 
Biochemical Assessment of Infarct Size
Troponin I was measured (AxSYM; Abbott) as a biochemical measure of infarct size. A blood sample was routinely obtained 12 to 24 hours after hospital admission. The troponin I protocol used in our hospital has an upper threshold of 22.8 g/L.
Angiographic Jeopardy Scores
The Lesion Score from the Alberta Provincial Project for Outcome Assessment in Coronary Heart Disease (APPROACH) 24 was used to provide angiographic estimates of the area at risk. 4 The angiograms were analyzed by a cardiologist who was independent of the MRI analyses.
Statistical Analyses
Normality was confirmed or excluded using the Shapiro-Francia test. Mean (SD) values and medians (interquartile range) were calculated. Correlations (r) between values for area at risk measured by MRI and the APPROACH Lesion Score were tested by Pearson or Spearman methods for normally and nonnormally distributed variables, respectively. All tests were 2-tailed. Comparisons of normally distributed continuous data between ST-segment-MI (STEMI) and non-STsegment-MI (NSTEMI) patient groups were undertaken using a Student t test. Between-group comparisons of nonnormally distributed data were performed with a Mann-Whitney test. Differences in the frequencies and proportions of clinical characteristics between patients with STEMI and NSTEMI were assessed with either a Fisher exact test or a 2 test with continuity correction, as appropriate. The McNemar exact test was used to compare observer agreement for the presence of regional myocardial edema with brightblood and dark-blood T2-weighted MRI methods. The level of agreement between area at risk and salvage estimated by brightblood and dark-blood T2-weighted MRI methods were assessed using Bland-Altman plots and 95% limits of agreement. The 95% limits of agreement are calculated using the mean difference between the 2 observers plus/minus twice the standard deviation of these differences and will contain approximately 95% of all such differences.
Results
Patient Characteristics
Fifty-four patients with acute MI (44 (81%) STEMI) underwent MRI 2Ϯ2 days after initial treatment between October 1, 2009, and July 8, 2010 (Tables 1, 2, and 3). All patients had a history of acute ischemic symptoms, acute changes on the ECG, a typical rise in troponin I concentrations, a culprit coronary artery identified by coronary angiography, and typical findings on the contrast-enhanced MRI scan.
MRI Findings
The cardiac MRI findings are summarized in Tables 2, 3 , 4, and 5. All patients had MRI evidence of segmental acute MI based on the presence of reduced wall motion and late gadolinium enhancement in the culprit artery territory. Five (9%) of these patients (4 STEMI, 1 NSTEMI) did not have 
Troponin-I elevation, n (%) . . . late enhancement on the slice selected for matched T2weighted imaging. MRI images from acute MI patients are shown in Figure 1 
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Detection of Acute MI by Bright-Blood and Dark-Blood T2-Weighted MRI
Compared with dark-blood T2-weighted STIR, complete consensus agreement between 3 independent observers for recognition of myocardial edema in the infarct territory occurred in twice as many patients with bright-blood T2weighted TSE-SSFP (PϽ0.001; Table 3 ). When considered per segment of left ventricle, complete consensus was found in 85% of segments for bright blood but only 50% of segments for dark blood (PϽ0.001). Similar differences were found per patient and per segment when majority consensus was used.
Bright-blood T2-weighted MRI had higher diagnostic accuracy for acute MI (Tables 4 and 5) . Similarly, brightblood T2-weighted MRI had higher diagnostic accuracy (94%) than dark-blood T2-weighted MRI (61%) for identification of the culprit artery as revealed by coronary angiography (PϽ0.0001; Table 4 ). Dark-blood STIR had high sensitivity (96%) but weak specificity (35%) for detecting anterior MI (Table 5 ).
Quantitative Assessment of Area at Risk and Myocardial Salvage
In 19 patients (35%), the area at risk estimated using dark-blood STIR was less than infarct size (Figure 3 ). The average area at risk estimated by 2 independent observers with dark-blood T2-weighted MRI (28.7%Ϯ18.6%) was less than when measured by bright-blood T2-weighted MRI (37.9Ϯ13.6%; Pϭ0.004). Consequently, myocardial salvage was also less when measured by dark-blood T2-weighted MRI (5.0Ϯ20.6%) compared with when measured by bright-blood T2-weighted MRI (13.8Ϯ11.2%; Pϭ0.007).
For area at risk estimated by 2 independent observers using bright-blood T2-weighted MRI, there was good correlation between observer 1 and observer 2 (r 2 ϭ89%). The 95% limits of agreement were Ϫ8.4% and 9.8% (Figure 4) , and there was no evidence of bias (Pϭ0.29). For area at risk estimated by STIR between these observers, there was poorer correlation (r 2 ϭ59%), with 95% limits of agreement being Ϫ32.8 and 26.2%. There was some evidence of bias, with observer 2 reporting a higher area at risk (Pϭ0.05).
The 95% limits of agreement for myocardial salvage (Figure 4 ) estimated by 2 independent observers using images obtained with bright-blood T2-weighted MRI were Ϫ12% and 12%, respectively. There was no evidence of bias (Pϭ0.96) on Bland-Altman analysis. The 95% limits of agreement for myocardial salvage estimated by these observers using images obtained with dark-blood T2weighted MRI were Ϫ32% and 22%, respectively. There was evidence of bias (Pϭ0.012) on Bland-Altman analysis and the confidence intervals for the bias between the 2 observers were Ϫ8.7% to Ϫ1.1%. LV indicates left ventricular. *Late gadolinium enhancement within the axial slice coregistered to matched edema images; a coronary artery territory was assigned to the left anterior descending coronary artery, a diagonal branch, the circumflex coronary artery, an obtuse marginal artery branch or the right coronary artery.
Comparison of Area at Risk Estimated by Bright-Blood T2-Weighted MRI Versus Dark-Blood STIR
In patients who underwent MRI Ͻ2 days after MI (nϭ38), the area at risk estimated by dark-blood STIR was less than the area at risk estimated by ACUT2E (27Ϯ19% versus 37Ϯ12%; Pϭ0.002). In patients who underwent MRI Ն2 days after MI (nϭ12), the areas at risk estimated by dark-blood STIR (33Ϯ18%) and ACUT2E (39Ϯ18%) were similar (Pϭ0.2).
Correlation of Area at Risk Estimated by T2-Weighted MRI Versus an Angiographic Score
The area at risk estimated by the APPROACH Lesion Score (Table 1 ) was 37Ϯ10%. The area at risk estimated by brightblood ACUT2E correlated reasonably well with area at risk estimated by the APPROACH Lesion Score (rϭ0.62, PϽ0.01). The correlations between the area at risk estimated using a single matched axial image from the ACUT2E and STIR methods versus the APPROACH Lesion Score and were rϭ0.68 and 0.44, both PϽ0.01.
Bright rim artifacts occurred in 9 (17%) patients with dark-blood T2-weighted MRI; however, these artifacts were not associated with false-positive or false-negative results.
Discussion
The main findings of this study are that bright-blood T2weighted MRI has higher diagnostic accuracy for detection of acute MI than dark-blood STIR, which also underestimates the ischemic area at risk and myocardial salvage. Additionally, interobserver agreement was better with bright-blood T2-weighted MRI.
Since T2-weighted MRI became available for use clinically, 8 dark-blood 2,5-14 techniques have become established for the detection and assessment of myocardial edema. However, diagnostic uncertainty with dark-blood T2weighted STIR (related mainly to surface coil sensitivity problems, imaging timing and motion artifact 15 ) has led to alternative approaches. One development with dark-blood STIR has been the use of the body coil instead of a chest wall surface coil, 2, 13, 14 at the expense of reduced SNR. Use of a surface coil normalization algorithm may also help. More recently, new bright-blood T2-weighted techniques with SSFP have been developed, 4, 17, 18 and their emergence has stimulated us to question the comparative diagnostic accuracy of bright-blood versus dark-blood T2-weighted MRI.
Our results extend those of Kellman et al, 17 who found that bright-blood T2-prepared SSFP had higher diagnostic accuracy than dark-blood TSE in 22 acute MI patients. We aimed to provide further information in a larger patient cohort by comparing another bright-blood T2-weighted method, ACUT2E TSE-SSFP, 18 with a standard black-blood TSE method. The bright-blood ACUT2E TSE-SSFP method has higher SNR and CNR compared with T2-prepared SSFP. 17 Our study included a larger number of patients with acute Table 3 *The presence and location of acute infarction was established based on the presence of reduced regional wall motion and a perfusion abnormality on first pass associated with late gadolinium enhancement, also supported by acute changes on the ECG and the culprit artery on coronary angiography. Based on these criteria, there were 96 segments with evidence of acute MI including evidence of late gadolinium enhancement in 49 patients. †The left ventricle was segmented according to the American Heart Association model. 21 coronary syndromes thus extending the observations by Kellman et al 17 to those with non-ST elevation MI. The dark-blood preparation used in TSE T2-weighted imaging introduces potential signal loss due reduced surface coil sensitivity with depth of field and also through-plane cardiac motion. [15] [16] Our results indicate that this problem mainly affects detection of acute myocardial injury in the basal and mid inferior as well as posterior left ventricular walls. Indeed, dark-blood T2 STIR had reduced diagnostic accuracy for nonanterior MI compared with anterior MI.
. Diagnostic Accuracy of Bright-Blood TSE-SSFP and Dark-Blood T2-Weighted STIR for Detection of Myocardial Edema in the Infarct Territory* as Independently Assessed by 3 Observers per Patient and Per Segment † of Left Ventricle
Another intriguing finding was that in nearly one-third of acute MI patients, the area at risk estimated by dark-blood T2-weighted was less than infarct size, suggesting that the dark-blood T2-weighted may underestimate area at risk in some patients. Interobserver agreement was better with bright-blood T2-weighted MRI than dark-blood STIR. Because quantitative assessment of the ischemic area at risk and myocardial salvage have emerging importance for clinical and research purposes, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] our results call into question the use of dark-blood STIR even with surface coil normalization in acute MI patients.
Optimized timing of the TSE read-out can improve problems related to cardiac motion 15 ; however, this is harder to optimize at higher heart rates, especially with variation in R-R intervals. Furthermore, timing optimization complicates the examination. Motion tracking can further improve image quality. 16 Subendocardial rim artifacts have the potential to be problematic in acute MI patients because of reduced regional wall motion, particularly at the left ventricular apex. We found that bright rim artifacts were fairly common. We also found that the presence of these artifacts was not associated with diagnostic accuracy. This could be because the observers were able to correctly discriminate bright rim artifacts from edema. It is also possible that meticulous slice-related shimming during dark-blood STIR acquisition reduced their intensity.
We aimed to use the T2-weighted MRI methods in a way that closely reflected standard (usual) clinical practice. Therefore, we used the methods as set-up to be used on our scanner. Furthermore, there are other differences inherent to these methods (eg, different spatial resolutions) that we chose to accept rather than modify. For example, shimming was not routinely used with the ACUT2E method, whereas shimming is standard practice for image optimization with STIR. Also, breath-hold duration is shorter with the ACUT2E method than with STIR, and, because long breath-holds are associated with reduced image quality, this could be one other source of differences in image quality. Again, we did not attempt to alter breath-hold durations. Rather, we accepted the methods as set on the scanner.
For the edema image analyses to enable estimation of the area at risk, we adopted a standardized approach for window and level intensity settings that had been previously worked out in an earlier clinical validation study. 4 Standardized window and level settings were based on the signal intensity of normal (remote myocardium) and a signal intensity difference of 2 SD was used to discriminate affected (hyperintense) myocardium from unaffected zones.
Single-shot T2-prepared SSFP can be acquired during free breathing and multiple images may be motion-corrected and averaged to enhance the SNR. This method provides a uniform proton density field map and can be used for T2 mapping to measure absolute values of T2 in the heart. T2-prepared SSFP is an attractive alternative method for bright-blood edema imaging. 17 In the future, quantitative T2 mapping could help to improve detection of regional myocardial edema compared with visual assessment alone. 25
Limitations
Because of time constraints when imaging our acute MI patients, we focused on 2 T2-weighted MRI methods. All patients had evidence of late gadolinium enhancement, but 5 of these patients did not have late enhancement in the image position that had been selected for T2-weighted MRI. This can be explained by the fact that T2-weighted MRI was obtained in the culprit area of injured myocardium revealed by reduced wall motion but before gadolinium contrast administration. Therefore, the T2 MRI acquisitions in these 5 patients can be interpreted as having been acquired in a territory of noninfarcted but injured myocardium evidenced by wall motion and edema.
Coil sensitivity corrections with the ACUT2E method may be imperfect because of nonuniform proton density field map. Furthermore, neither ACUT2E nor STIR can be used for T2 mapping and, like STIR, ACUT2E is dependent on subjective image interpretation.
T2-Dark-blood STIR had lower sensitivity in accurately identifying the area at risk in patients with acute coronary syndrome. Whether the addition of coil profile normalization and/or T2 mapping could have improved its accuracy has not been addressed in this study.
We suggest that the addition of complicated algorithms to resolve a potential weakness of a test complicates rather than facilitates the clinical applicability and appeal of the diagnostic method.
For several reasons, it has not been possible to estimate CNR and SNR in our analysis. The STIR method does not compensate for coil sensitivity variation across the imaging plane and because TSE methods are sensitive to motion, T2 signal differences may arise between injured (reduced motion) and uninjured (normal motion) myocardium in addition to contributions from T2 differences related to myocardial edema. Noise measurements are not incorporated in the ACUT2E method, and retrospective measurements are not possible with parallel imaging because noise values may be variable across the field of view.
Because all of the patients in our cohort had a confirmed diagnosis of acute MI, the study design only permits an evaluation of the sensitivity and not the specificity of the Figure 3 . Scatterplots with lines of identity for the relationships between infarct size measured by MRI versus area at risk derived with A, bright-blood T2-weighted MRI, and B, darkblood T2-weighted MRI. Average values of area at risk were obtained from measurements from 2 independent observers. Because infarct size is physiologically a subset of the area at risk, the expected relationship between area at risk and infarct size involves all points at or below the line of identity. This is so for all cases with bright-blood T2-weighted MRI but only 35 (65%) of cases with dark-blood T2-weighted MRI (PϽ0.001, Fisher exact test).
methods. Our results demonstrate that bright-blood MRI increases the rate of detection of acute MI cases therefore raising sensitivity. Although our results do not provide definitive information on whether or not bright-blood T2weighted MRI might raise the rate of falsely reporting edema in patients without acute MI (ie, reducing specificity), the fact that uninjured segments from myocardium remote from the injured culprit artery territory were also included in our analysis provides some reassurance that this may not be the case.
Anticipated Value
Our findings indicate that the diagnostic utility of dark-blood STIR has some limitations when used in patients with known or suspected acute MI. Based on our findings, bright-blood T2-weighted MRI appears to have acceptable diagnostic utility. Figure 4 . Bland-Altman plots for A, area at risk, and B, salvage in 54 acute MI subjects revealed by bright-blood T2-weighted MRI (upper row) and darkblood T2-weighted MRI (lower row) measured by 2 independent observers. The 95% limits of agreement for area at risk estimation using images obtained with bright-blood T2-weighted MRI were Ϫ8.5% and 9.9%, respectively. There was no evidence of bias (Pϭ0.29) on Bland-Altman analysis. The 95% limits of agreement for area at risk estimation using images obtained with dark-blood T2-weighted MRI were Ϫ33% and 26%, respectively. There was no evidence of bias (Pϭ0.113) on Bland-Altman analysis. The 95% limits of agreement for myocardial salvage estimation using images obtained with bright-blood T2-weighted MRI were Ϫ12% and 12%, respectively. There was no evidence of bias (Pϭ0.9) on Bland-Altman analysis. The 95% limits of agreement for myocardial salvage estimation using images obtained with dark-blood T2-weighted MRI were Ϫ33% and 23%, respectively. There was evidence of bias (Pϭ0.012) on Bland-Altman analysis.
